Toxicity from chemical mixtures is often difficult to discern because of unpredictable interactions and nonadditive effects. Synergistic interactions of contaminants can cause toxic effects at exposure levels lower than observed in single contaminant exposures (Yang et al., 2004) . Chemical analysis of many chemical mixtures often does not correlate with toxicity because only a fraction of the mixture components associated with observed toxicity may be identified (Donnelly et al., 2004; Eide et al., 2004) . Highly contaminated sites are particularly difficult to characterize because of the complexity of the mixture and changes in the chemical composition of the site with deposition and degradation over time (Donnelly et al., 2004) . Neurotoxic, immunotoxic, and cytotoxic interactions can be difficult to predict. Despite these challenges, understanding the impact of exposure to multiple chemical contaminants is important for risk assessment as it is more environmentally realistic. Consequently, rapid screening tools for chemical interactions are needed to improve risk assessment for highly contaminated sites (Donnelly et al., 2004) .
DNA microarrays are increasingly being used as a tool by environmental toxicologists and offer the potential to help guide regulatory decisions (Ankley et al., 2006) . Microarrays are typically printed with cDNA's or oligo gene fragments and allow for the simultaneous measurement of hundreds to thousands of genes. Microarrays have recently been developed for use with a plethora of environmentally relevant species, such as mussels (Mytilus galloprovincialis), Daphnia magna, European Flounder (Platichthys flesus), fathead minnows (Pimephales promelas) and other fishes (Soetaert et al., 2006; Venier et al., 2006; Williams et al., 2006; Wintz et al., 2006) . The multivariate nature of microarrays has been proposed as a means of resolving the complexity of contaminant mixtures (Amin et al., 2002) . The patterns of genes altered by exposure to a contaminant mixture may include a set of genes characteristic of exposure to a particular compound, and thereby allow identification of that compound as a component of the chemical mixture (e.g., Finne et al., 2007) . Also, nonadditive interactions may be discerned by comparing the gene expression patterns from exposure to the mixture with those identified from the individual components (Amin et al., 2002) .
In this study, our objective was to describe the transcriptomic profile in the rainbow trout (Onchorynchus mykiss) liver resulting from exposure to a simple mixture and compare this with the gene expression profiles of the individual components of the mixture. Our first aim was to determine if the contributions from each contributing contaminant to the mixture would be discernible in the gene expression pattern generated by exposure to the simple mixture. Another aim was to determine if the changes in gene expression resulting from the mixture were simply an additive or comparative list of genes altered in the individual chemical exposures, or whether the patterns interact in a way that would suggest nonadditive interactions. We chose three environmentally important contaminants with diverse modes of toxic action: ethinyl estradiol (EE2), a xenoestrogen known to decrease the fertility of male trout (Schultz et al., 2003) , 2,2,4,4-tetrabromodiphenyl ether (BDE-47), a flame retardant with putative thyroid activity, which also impacts reproduction in fish (Muirhead et al., 2006) , and hexavalent chromium (Cr-VI) a metal, which causes multiorgan pathology in salmon (Farag et al., 2006) and oxidative stress in fish (Tagliari et al., 2004) . We continuously exposed sexually immature trout to EE2 (100 ng/l) for 7 days and administered the BDE-47 and Cr-VI by direct intravascular injection via an indwelling dorsal aorta cannula. These exposure routes were chosen to carefully control the contaminant dose, minimizing variations due to differences in bioavailability and provide greater consistency in delivered dose across individuals. The latter was intended to better aid in the identification of intrinsic transcriptomic changes associated with exposure to the mixture and individual toxicants. Following the 7-day exposure, the liver was collected and hepatic gene expression was measured via cDNA microarray and a subset of sequences confirmed via q RT PCR (quantitative reverse trancriptase polymerase chain reaction).
MATERIAL AND METHODS
Fish. All fish were maintained according to the guidelines established by the Institutional Animal Care and Use Committee of Battelle. All experiments used male isogenic (clonal hybrids) of the OSU 3 Swanson cross, which reduces phenotypic variation among the trout (Young et al., 1996) . These fish were transferred to the Marine Research Operations, Sequim, WA, laboratory at 530°days in age and continuously reared at Sequim. At the time of the toxicant exposures, the trout were approximately 4500°days in age, which corresponded to 13 months posthatching. The mean body weight ± SD for these fish were 319 ± 39 g (n ¼ 12). These trout were sexually immature based on the size of the testes at termination, which was < 0.1% of body weight. Subsequent kinetic experiments were performed using trout that were approximately 8000°days in age, which corresponded to 22.2 months and were 1020 ± 347 g in body weight. These latter fish were sexually mature and had completed their first spawning 1 month prior to the kinetic studies. Prior to exposures, all trout were maintained in 1400-l circular tanks at a holding density not exceeding 5 kg/m 3 . Holding tanks were maintained as single pass flow through with a minimum in-flow rate of 4 l/min. Water temperature, dissolved oxygen, and pH were monitored weekly with mean values (± SD) of 12 ± 1°C, dissolved oxygen: 9.6 ± 0.21 mg/l, pH: 8.10 ± 0.03. All trout were maintained under a simulated natural photoperiod regime with graded on and off controls and fed Bio-Oregon soft moist pellets of various sizes based on fish size.
Chemicals. The study contaminants were > 99% purity and were obtained from the following sources: EE2, Cr-VI, 16,16,17-d3 17b-estradiol were obtained from Sigma. BDE-47 was obtained from Chem Service (West Chester, PA). All other chemicals used were of reagent grade.
Experimental design: gene expression studies. Trout were separately exposed to EE2, BDE-47, and Cr-VI or as a ternary mixture. All trout were fitted with a dorsal aortic cannula made from 28-G thin wall Teflon tubing using procedures previously described (Schultz and Hayton, 1997) . Cannulated trout were individually housed in 370-l circular tanks and allowed a 48-h recovery period prior to exposures. The EE2 exposures were performed as a continuous water exposure lasting 7 days. A nominal water concentration of 100 ng/l EE2 was prepared by adding the EE2 dissolved in methanol. Briefly, the EE2 stock solution was slowly added to the exposure tanks using a peristaltic pump at a flow rate of 0.06 ml/min (equivalent to 0.0015% methanol in the tank water). The exposure tanks were allowed to equilibrate with the EE2 dosing system for 3 days prior to the addition of trout. Both BDE-47 and Cr-VI were administered as two intra-arterial bolus injections, given 3 days apart. The dosing solution of BDE-47 was prepared in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/kg and the Cr-VI was dissolved in 0.9% NaCl (wt/vol) at a concentration of 12.5 lg/kg. The volume of fluid administered in both instances was 0.1 ml/kg corresponding to an injected dose of 1 mg/kg BDE-47 and 12.5 lg/kg Cr-VI. For the mixture experiment, trout were exposed to EE2 as described previously and coadministered BDE-47 and Cr-VI on separate days during the exposure corresponding to the dosing schedule used for the individual chemical exposures. Control trout were either exposed to methanol, DMSO, and saline only or a combination of the three corresponding to the exposures described previously. A summary of the dosing regimens is presented in Figure 1 .
Experimental design: toxicokinetic studies. Toxicokinetic experiments were performed to assess the uptake of EE2 and disposition of BDE-47 in trout under exposure conditions similar to that used for gene expression studies. For these experiments, cannulated trout were exposed to EE2 analogously as for the gene expression studies and blood samples were removed at 1, 4.0, 10.0, 20.0 h and then at selected times until 192 h (8 days) and the plasma stored at À80°C for later analysis of EE2. During the water exposure to EE2, trout were also administered a single intra-arterial dose of BDE-47 and Cr-VI on separate days according to the initial dosing schedule in Figure 1 . After the BDE-47 dosing, blood samples were removed at 0. 167, 0.333, 0.667, 1, 1.5, 3, 6.3, 9 .1, 20 h and variously thereafter until 320 h (relative to the time of BDE-47 dosing). Immediately after injection, the cannula was rinsed three times with blood to remove residual traces of the dose to prevent contamination of subsequent blood samples. The EE2 plasma concentration-time profiles were compared with profiles collected from single chemical exposure studies described in Skillman et al. (2006) . For BDE-47, a separate group of four trout were administered an intra-arterial injection of BDE-47 and sampled in a similar manner to the trout coexposed to EE2 and Cr-VI.
Chemical analysis. The exposure water, plasma and tissue samples were analyzed for EE2 by gas chromatograph mass spectrometry (GC-MS). Water samples (0.05 l in volume) were fortified with NaCl (5% wt/vol) and extracted with 5 ml of methyl-tert-butyl-ether (MTBE) per sample. Plasma and liver samples (0.2 ml or g) were mixed with an equal of volume of saturated aqueous NaCl solution and extracted with 1 ml of MTBE. Prior to MTBE extraction, liver samples were homogenized with a ground glass/Teflon grinder. The MTBE fractions were removed, evaporated under N2, and subsequently derivatized with N-methyl-N-trimethylsilyl-trifluoroacetamide essentially as described in Schultz et al. (2001) except that 3 d-estradiol was added as an internal standard in the extractions. The GC-MS was operated in selected ion monitoring mode with m/z 419 and m/z 425 ions used for 3 d-estradiol and EE2 quantification. EE2 recovery from fortified water standards and blood plasma typically exceeded 95%. For BDE-47 analysis, liver samples were homogenized using a ground-glass/teflon grinder with 2 ml of NaCl solution and 20 ll of 10 lg/ml PCB-103 (wt/vol in hexane; purchased from Sigma-Aldrich, St Louis, MO) as the internal standard. Plasma and liver homogenates were then mixed with 1 ml of hexane and vortexed for 30 s and then centrifuged at 3000 3 g for 5 min. The hexane layer was transferred to a GC vial. The hexane extracts were analyzed on a Hewlett-Packard 5890 GC equipped with a DB-5 30m, 0.25lM capillary column. The GC was operated in split injection mode with a split ratio of 1:10. Standard curves were prepared using blank matrices spikes with BDE-47. The recoveries for BDE-47 were typically 70-95% depending on matrices. Total Cr was measured in plasma and liver samples after digestion in concentrated nitric acid by inductively coupled plasma-optical emission spectroscopy (Perkin-Elmer model 4300; Perkin-Elmer, Fremont, CA) using matrix matching and standard calibration curves.
Toxicokinetic analysis.
Noncompartmental methods were used to analyze the EE2 and BDE-47 concentration-time profiles. The area-under-the-curve extrapolated to infinity (AUC 0/N ) was estimated using the linear trapezoidal method with the area from the last sampling time to infinity calculated from the slope of the terminal portion of the concentration-time profile (b). Steady-state volume of distribution (V ss ) and total body clearance (Cl b ) were calculated from the intravenous pharmacokinetic profile as described by Yamaoka et al. (1978) and Gibaldi and Perrier (1982) . Plasma half-life (t ½b ) was calculated as t ½b ¼ 0.693/b.
RNA extractions. Fish were euthanized with a lethal overdose of MS 222 (250 mg/l). Plasma was collected for chemical analysis, and liver was immediately removed and subsectioned. One aliquot of liver was frozen for chemical analysis; the remaining pieces were placed in RNAlater (Qiagen, Valencia, CA) and stored following the manufacturer's protocols. RNA was extracted using a standard TRIzol procedure (Invitrogen, Carlsbad, CA) and purified with the TURBO DNAfree kit (Ambion, Austin, TX). Total RNA was quantified via fluorometry using ribogreen reagent (Molecular Probes, Carlsbad, CA) and RNA quality was verified via gel electrophoresis. After processing, SUPRNasin (RNase inhibitor, Ambion) was added to help maintain sample integrity and RNA was stored at À80°C.
Microarray methods. Salmonid cDNA microarrays were obtained from the GRASP consortium (Dr Ben Koop, University of Victoria, Canada). These arrays have 16,000 cDNA and expressed sequence tags from either Atlantic salmon (Salmo salar) or rainbow trout (O. mykiss). The methods for obtaining the cDNAs for the array, developing the arrays, and validating the arrays themselves are described in detail in Rise et al. (2004a) . Sequence homology between the two species is sufficiently high, allowing for the cross species use of the array (Rise et al., 2004a) . Array hybridizations were performed in a 3 3 3 replicate design; with three animal replicates and three technical replicates. RNA was transcribed into cDNA and indirectly labeled via an aminoallyl technique (Invitrogen's Superscript cDNA Indirect Labeling kit). Control cDNA was labeled with Cy3 (Amersham), and exposed cDNA was labeled with Cy5. A split control experiment (where control RNA is put into two separate tubes, labeled with Cy3 or Cy5, then recombined for array hybridization) was also performed to examine genes selected as significant due to differences in dye incorporation (Draghici, 2003) . Exposed and control samples were paired according to cDNA yield and label incorporation (such that each technical replicate was paired with RNA extracted from a different control animal), combined, and reduced in volume to 32 ll in a vacuum concentrator. Samples were mixed with 20 lg transfer RNA (tRNA) and 20 lg Herring Sperm DNA to prevent nonspecific hybridization, then mixed with 35 ll of modified ''Genisphere'' hybridization buffer (50% formamide, 40% 203 sodium chloride/sodium citrate (SSC), 9% Denhardt's solution, 1% sodium dodecyl sulfate [SDS] ). This mixture was then applied to the arrays and allowed to hybridize overnight (16 h) at 45°C. After hybridization, arrays were washed in SSC/SDS buffers with descending stringency to remove any unhybridized or weakly (nonspecifically) hybridized cDNA's. Arrays were scanned using a Perkin-Elmer ScanArray Express, with laser power and photomultiplier gain varied to equalize fluorescence intensity between channels and to prevent oversaturation of signal intensity.
Microarray data analysis. Data were extracted using ScanArray Express software (Perkin-Elmer). The median fluorescence intensity with background subtracted was imported into a MIAME compliant database (Brazma et al., 2001) . GeneSpring (Agilent, Santa Clara, CA) microarray analysis software was used for further analysis. Data were LOWESS normalized (Draghici, 2003) , and spots that did not meet a minimum signal intensity were removed. The resultant signal information was analyzed using one-way analysis of variance (ANOVA) ( p ¼ 0.05), assuming normality but not equal variances with a Benjamani-Hochberg correction for multiple comparisons (GeneSpring). GeneSpring's cross gene error model, which determines the likelihood of observing a specific fold change to the likelihood of observing a fold change of 1, was active during this test. A list of differentially expressed genes was prepared, comprised of those genes that demonstrated a statistically significant change in expression for each toxicant treatment (Draghici, 2003) . A t-test ( p < 0.05), with a Benjamani-Hochberg correction for multiple comparisons, was used to determine which of the chemical exposures caused significant alteration of the expression of a given gene. Gene Ontology (GO) terms were taken from the information available on the GRASP website http://web.uvic.ca/cbr/grasp/. These terms were assigned by members of the GRASP consortium as described on the website (von Schalburg et al., 2005a) .
Gene expression data were further analyzed via Hierarchical Cluster Analysis and principle components analysis (PCA). Gene trees were created to group similar genes and allow for better visualization of the data (Butte, 2002) . Genes that were found to be significantly different in expression in at least one treatment were used to create a gene tree using the GeneSpring package (Agilent). Different treatments were clustered using GeneSpring's Condition Tree function. Trees were created using a Pearson's correlation (Claverie, 1999) as a similarity measure, and branches that were more than 95% similar were merged. PCA was also performed on conditions (contaminant exposure treatments in this case) within Genespring, using the list of genes found to be significantly altered via ANOVA ( p < 0.05) with a Benjamani-Hochberg multiple test correction. All genes in the PCA analysis were unweighted.
A BLAST database was constructed of all sequences in the Gene Ontology database (version 20070701, ''seqdblite''). cDNA sequences representing clones on the microarray were BLASTed against these sequences, with an evalue threshold of 1eÀ15. A total of 7585 cDNA sequences had at least one hit against the GO sequences. For each contig, the GO terms associated with the highest-scoring blast hit were recorded. For each GO term, starting from the root of the GO hierarchy, the number of cDNA sequences associated with that term or any subterm was recorded.
XOA methodology and evaluation. XOA, short for cross-ontological analytics, is an algorithm for computing similarities across GO codes, gene products, or both. Details on the XOA algorithm and evaluation can be found in Posse et al. (2006) and Sanfilippo et al. (2007) . A detailed description of the user interface for this system is provided in Riensche et al. (2007) . Several approaches can be used to integrate the textual evidence in XOA. Because the approach for this study is GO driven, GO terms were used as the common mode of comparison to augment the previous gene annotation made by the GO and BLAST analysis, and to correlate the biological responses between the perpetrator (the toxicants) and the effector (the expressed genes) in terms of processes, molecular functions, and signaling pathways.
The automated extraction of GO terms from GoPubMed was designed and implemented, using NCBI and GoPubMed web-services within the XOA tool. For extracting the GO terms of the toxicants, all possible synonyms (ethynylestradiol, ethinylestradiol, synthetic estrogen, EE2, Xenoestrogen, etc., were the list of synonyms for the toxicant, EE2) were used as search terms to extract all the abstracts referencing that toxicant. For the genes, the ''gene description'' from BLAST results was used, as the search term in GoPubMed. Two caveats with keyword-based search analysis for genes are (1) the genes with description terms as ''unknown'' or ''hypothetical'' cannot be included, and (2) splice variants of genes cannot be distinguished. The National Center for Biotechnology Information (NCBI) web-service implemented in XOA tool sends the resulting PubMed abstract IDs for each toxicant (or for each gene) to GoPubMed to retrieve a set of GO terms that had an accuracy percentage of 100%. These GO terms were then subjected to XOA analysis.
Quantitative real-time PCR. RNA for quantitative real-time PCR (qRT PCR) was collected, purified, quantified, and stored as described in ''RNA extraction.'' All qRT PCR analyses were performed using Applied Biosystems 7300 Real time system and the one step RT PCR master mix reagents (Applied Biosystems, Foster City, CA). Standards for each of the specific genes to be validated via qRT PCR were made either from the cDNA clones used to print the array (a kind gift from Dr Ben Koop, University of Victoria) or from previously isolated rainbow trout genes (J. A. Small, unpublished). Plasmids of genes to be used as standards were transcribed in vitro (Riboprobe system, Promega, Foster City, CA) and quantified via fluorometry (Ribogreen quantitation kit, Molecular Probes). Primers used for q RT PCR are given in Table 1 . Transcription levels in treated and untreated fish were compared to a dilution series of the above standards. All measurements (samples and standards) were made in triplicate, and measurements were taken from three replicates for each treatment. All samples and standards were compared with a no reverse transcriptase control (to eliminate the possibility that signal resulted from DNA contamination), and each plate contained no template controls to serve as blanks. Data were normalized to expression levels of beta actin. Significance was determined via a Student's t-test ( p < 0.05).
RESULTS

Toxicokinetics and Dosimetry
A summary of the administered doses and selected internal dose metrics is presented in Table 2 . The measured and nominal values for the EE2 exposure water concentration were quite similar and averaged 102 ng/l during the exposures based on sampling done immediately before the fish were added and on day of termination. The total concentration of Cr was relatively low in plasma of the Cr-VI dosed trout and was similar to values observed in control fish (Table 2) . However, the levels in the liver were elevated approximately threefold. This pattern of disposition is consistent with previously published studies examining sublethal chromium water exposure in salmonids (Farag et al., 2006; Patton et al., in press ). Previous studies have identified the kidney as a site of Chromium accumulation (Farag et al., 2006) . There was no EE2 or BDE-47 detected in any control trout samples. Comparisons of plasma and liver concentrations of the toxicants after single or mixture administration indicated no significant differences (Table 2) . However, plasma levels of BDE-47 appeared to be higher, and liver concentrations lower, in fish exposed to the mixture as opposed to those trout only Figure 2A , the BDE-47 plasma concentration-time profiles are shown for the BDE-47 only and coexposure with EE2 and Cr-VI treatment groups. The plasma profiles of BDE-47 appear to decline in a multiexponential manner, with three exponential phases discernable. The terminal elimination phase for both exposure groups appeared to begin between 24 and 48 h. However, plasma concentrations of BDE-47 in the coexposure group were consistently higher during the secondary and terminal elimination phases (beginning approximately 6-10 h after dosing). This effect is also reflected in the toxicokinetic parameters between the treatment groups, with the plasma AUC 0/N increased for BDE-47 when coexposed with the other contaminants (Table 3) . Both the total body clearance (Cl b ) and steady-state volume of distribution (V ss ) were decreased for BDE-47 in the mixture treatments (Table 3) . Despite these changes in toxicokinetic parameters, there was no difference in elimination half-life and only slight differences in the liver concentration of BDE-47 in the trout exposed for the gene expression studies (Tables 2 and 3) . Collectively, the toxicokinetic analysis indicates that a greater fraction of the administered BDE-47 dose is retained in the plasma compartment and less extravascular distribution is occurring. With regard to EE2, visual inspection of the profiles indicated that there was no difference in uptake or plasma levels between the respective treatment groups.
Gene Expression
Of the 16,042 cDNA spots on the chip, 13,346 (83%) were detectable in all four chemical exposures and were used for subsequent analysis. Exposure to each of the contaminants caused significant changes in gene expression, as shown in Figure 3 , whereas a ''split control'' experiment found no genes with significant changes in expression (data not shown). Following exposure to BDE-47, 102 genes (0.76%) had significantly altered expression (ANOVA, p < 0.05), ( Figure 3A , Supplementary Material Table S1 ). The gene products were altered in expression roughly 1.5-to 5-fold, 59 genes are downregulated and 43 are upregulated. Some of the individual genes with altered expression include glyceraldehyde-3-phosphatse and a ubiquitin conjugating enzyme, both upregulated fivefold, and vitellogenin, serum albumin 2, and a 14-kDa apolipoprotein, all downregulated roughly threefold.
Exposure to Cr-VI caused changes in the expression of 167 genes (1.25%), of which 37 were upregulated and 130 were downregulated (Fig. 3B , Supplementary Material Table S2 ). The dynamic range of changes in expression was greater for Cr-VI than for BDE, with genes being as much as 14-fold upregulated (differentially regulated trout protein, a protein with unknown function, putatively assigned to ''reproductive processes'' via XOA analysis) and 48-fold downregulated (WD repeat domain 39). Some of the other genes with altered expression following exposure to Cr-VI include precerebellin like protein (upregulated roughly threefold), complement component C3 (upregulated roughly twofold), and a DNA repair (RecA homolog Rad51) gene, upregulated 1.5-fold.
Exposure to EE2 altered the expression of 131 genes (0.98%) the majority of which were downregulated (Fig. 3C , Supplementary Material Table S3 ). Forty genes were upregulated, including traditional biomarkers of EE2 exposure, vitellogenin (upregulated sixfold), and a vitelline envelope protein (upregulated 10-fold). The gene with the greatest induction (15-fold increase) following EE2 induction is ''differentially regulated trout protein'' which has unknown function. The 90 downregulated genes include serum albumin 2 (downregulated 11-fold), lipid binding proteins (downregulated 10-fold), and alphaglobin (downregulated threefold).
The transcriptomic response to exposure to the contaminant mixture (shown in Fig. 3D , Supplementary Material Table S4 ) was roughly comparable to the response to any of the individual intra-arterial 1.0 ml/kg 0.9% NaCl n.m. 52.5 ± 9 Control (mixture)
Water
contaminants, as measured by the number of genes changed (161-1.2%) and the magnitude of altered expression (ranging from fivefold upregulated to 20-fold downregulated). Of the genes with altered expression, some genes, such as ''differentially regulated trout protein'' and Serum albumin 2, are altered in response to multiple contaminants. Differentially regulated trout protein is the most upregulated gene following both EE2 and Cr exposure, and is also the most upregulated gene following exposure to the mixture. Serum albumin 2 is downregulated following exposure to each of the individual components of the mixture (downregulated twofold following exposure to either BDE or Cr, downregulated roughly 15-fold following exposure to EE2), and is roughly eightfold downregulated following exposure to the mixture. Differential expression of genes between the mixture and single chemical exposures were observed for vitellogenin, which is altered roughly sixfold as measured by the microarray following exposure to EE2 and roughly twofold as measured by the microarray following exposure to the mixture. A DNA repair homolog was also differentially expressed between the single chemical exposure and the mixture. This gene is upregulated roughly fourfold following exposure to the mixture and 1.5-fold following exposure to Cr. Some genes, such as a glutamate receptor (upregulated 3.5-fold) and heat shock protein 71 (downregulated sevenfold), are only altered by exposure to the mixture and are not significantly altered by any of the individual contaminant exposures (Fig. 3) . The degree of overlap in gene expression between those genes altered by exposure to each component of the chemical mixture (individual exposures) and the chemical mixture itself are shown Table 4 . Fifteen genes had consistently altered expression following each of the chemical treatments. As discussed previously, some genes are uniquely expressed in only one of the chemical treatments. There is at least some overlap in gene expression profile between the exposures to individual components of the mixture, but this is typically the smallest fraction of genes in each category. However, the greatest degree of overlap is between individual components of the mixture and exposure to the chemical mixture. These relationships show that the mixture profile is made up of contributions from the individual components, and suggest that the gene expression profiles are somewhat additive. However, because there are 47 genes uniquely expressed in the mixture, there may be unique modes of toxicity caused by exposure to multiple compounds. Genes that were uniquely downregulated in response to exposure to the mixture included cytochrome oxidase II, whereas those that were upregulated include a nicotinamide adenine dinucleotide (reduced) ubiquinone oxidoreductase subunit and glutathione S-transferase (GST) kappa. This appears to be an important observation as these genes are either directly associated with mitochondrial activities such as oxidative phosphorylation or in the case of GST-kappa, protect against oxidative injury in mitochondria and peroxisomes (Morel et al., 2004) . Note. Parameter estimates were calculated from the individual bloodconcentration-time profiles (n ¼ 3-4) using noncompartmental methods.
a Significantly greater ( p < 0.008) than BDE-47 administered alone. b Significantly less ( p < 0.04) than BDE-47 administered alone.
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The function of genes with altered expression, as determined by their corresponding GO terms, is shown in Figure 4 . For each treatment, the molecular function and the biological process in which the genes are involved are plotted (as a percent contribution to the total number of genes altered by each chemical treatment). How the GO categories of genes in the toxicant responsive gene expression profile compares with the representation of that functional category on the microarray as a whole is shown in Table 5 . The biological function group ''transport'' was always among the largest groups. This group was disproportionately affected and it only comprises 3% of all genes on the chip. Nonetheless, exposure to each toxicant and to the toxicant mixture caused changes in both individual genes and in functional groups of genes. Following exposure to BDE, genes with structural or calcium binding functions were upregulated (Fig. 4A) relative to their distribution on the array, as were genes involved in cell adhesion, muscle contraction and protein biosynthesis (Fig. 4B) . Genes in GO functional categories that bind to DNA or had hydrolase activity were upregulated following exposure Cr in proportion to their abundance on the array (Fig. 4C ), as were genes involved in transcription (Fig. 4D) . Lipid binding genes were proportionally downregulated after exposure to Cr (Fig. 4C) . Genes in GO categories lipid, protein, or oxygen binding functions were downregulated following exposure to EE2 (Fig. 4E) , as were those genes involved in the inflammatory response and blood coagulation (Fig. 4F) . Genes involved in cytoskeleton organization were upregulated relative to their abundance on the microarray (Fig. 4E) .
When the GO profiles generated by exposure to the contaminant mixture are examined, some changes in functional categories that resemble the individual contaminants are evident, (Figs. 4B and 4H ). The downregulation in copper binding genes appears unique, for instance, as does the downregulation in genes involved in mitochondrial electron transport and metabolism (Figs. 4G and 4H ). There are also some signals present in the individual exposure that are absent from the mixture exposure. The upregulation of structural and calcium binding genes observed following exposure to BDE is not apparent in the mixture exposure. Genes that are downregulated uniquely following exposure to the mixture have functions in protein biosynthesis and adenosine triphosphate (ATP) synthesis, whereas upregulated are involved in protein cycling, and oxidative stress.
In all cases, the functional group with the greatest number of genes is the unknown group, often comprising more than 60% of altered genes. The proportion of genes with unknown function is overrepresented in the gene expression profiles relative to the number of unknown genes on the array (52%).
An overview of the results of the XOA analysis where functional categories have been assigned to genes with unknown functions is provided in Table 6 . XOA provides functional annotation for 401 of the 561 differentially expressed genes, whereas the GO database provides GO annotations for only 212 of them. As explained in the Methods section, 160 genes were not used for XOA analysis as are described as ''hypothetical'' or ''putative'' or ''unknown.'' A gene can have one or more molecular functions, be used in one or more biological processes and may be associated with one or more cellular components. Genes were typically assigned multiple functions, as shown in Tables S5-S9 . For subsequent analysis, genes were assigned a single function by simple weighting of each occurrence.
Hierarchical clustering analysis was used to generate the gene tree depicted in Figure 5A . This analysis suggests that the gene expression profile resulting from EE2 exposure most closely resembles the profile generated by exposure to the mixture, and BDE exposure contribute to the mixture profile least. The mixture exposure is the most dynamic of all contaminant treatments, with a higher portion of genes showing alteration in expression. The distribution of genes with similar function (as defined by either GO ontology or by XOA analysis) was not always in tight clusters. As shown in Figure 5B , many of the genes assigned by XOA analysis to have a role in apoptosis appear in distinct regions of the gene tree, yet other apoptosis related genes are seemingly isolated. Similar trends are seen for genes with involved in reproductive processes (Fig. 5C ), in inflammatory response (Fig. 5D ), in transporter activity (Fig. 5E ), and genes with unknown function (Fig. 5F ). These pathways were chosen to be illustrative of overall trends in gene distribution. One interesting trend does emerge from the data though; genes involved in energy pathways are clustered together (Fig. 5G) , perhaps because they are consistently downregulated following exposure to the mixture.
When the data are clustered by PCA on conditions (Fig. 6) , each of the treatment groups is plotted in three-dimensional space, which indicates the largest determinant of gene expression pattern is chemical treatment. The profiles resulting from exposure to BDE and EE2 are grouped most closely, suggesting that these two contaminants cause similar changes in gene expression. The gene expression profile resulting from the exposure to the mixture is intermediate between the other points, suggesting that each component of the mixture contributes to the gene expression profile resulting from exposure to the three compounds in combination.
The gene expression measurements obtained via q RT PCR (Fig. 7) show general agreement with the data obtained via microarray analysis. The q RT PCR data were normalized to the expression of beta actin, which was unaffected by any of the treatments (t-test, p> 0.05, data not shown). The data generally agree as to direction and significance of the change in direction, but not to the scale of alteration. For most of the genes measured, the magnitude of change in expression measured via q RT PCR (an absolute measure of changes in gene expression) was greater than via microarray (a semiquantitative measure of gene expression). For instance, the array reported vitellogenin upregulated almost 6 fold and the vitelline envelope protein upregulated roughly 10-fold following exposure to EE2, because the q RT PCR measurement reported these genes as being upregulated greater than 10,000 and 100-fold, respectively (Figs. 7H and 7I ). Other discrepancies between the q RT PCR and the microarray Note. If the row and column heading are the same, these genes are altered following exposure to that treatment only. Because genes can be in more than one category, the sum of gene sequences changed in each column and row exceeds the total number of genes with altered expression following exposure to each treatment. Fifteen genes were altered in all treatments.
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measurements include the estrogen receptor (ER), which is not changed following exposure to any of the chemical treatments as measured via the microarray yet is significantly (t-test, p < 0.05) upregulated following exposure to both EE2 and the mixture (Fig. 7D) , ATPase II, which is upregulated following exposure to EE2 as measured via q RT PCR but not by microarray (Fig. 7B) , and precerebellin, which is measured as downregulated in the mixture via microarray and upregulated via q RT PCR (Fig. 7F) .
DISCUSSION
This study was designed to compare the hepatic gene expression profiles in rainbow trout after exposure to a contaminant mixture to those profiles after exposure to a single contaminant. A male isogenic strain of rainbow trout was used to minimize differences due to individual variability, which can confound the results of array experiments (Oleksiak et al., 2002) . Exposure routes were chosen to ensure consistent delivery of dose to the liver among individuals within a single treatment and between the individual contaminant exposures and the mixture. Our prior experience with EE2 indicated simple and rapid absorption behavior during water exposures with rapid partitioning between plasma and the liver . Technical difficulties associated with water exposure of poorly soluble contaminants such as BDE-47 or slowly absorbed contaminants such as Cr-VI were circumvented by the use of intravascular injection. Duration of the exposure was chosen such that either tissue contaminant levels had come to equilibrium relative to exposure (EE2) or allowed sufficient time for extravascular distribution to occur (BDE-47; The molecular function of each group of genes altered following exposure to BDE-47 is plotted on the y axis, whereas (B), the biological processes in which each group of genes altered in response to BDE-47 is involved are plotted on the y axis. (C and D) The molecular function and biological processes of genes altered in response to Cr-VI, (E and F) the molecular function and biological processes of genes altered by EE2, and (G and H) the show the molecular function and biological processes of genes altered by the contaminant mixture. Upregulated genes are plotted as positive numbers in black, whereas downregulated genes are plotted as negative numbers in gray. The number of genes in each category (given as a percentage of the total up or down regulated genes) are plotted on the x axis. Because of their large contribution, the unknown genes are truncated (% contributions are shown in each panel) to allow the variation in other categories to be visualized. Fig. 2A ). Although Cr-VI toxicokinetics was not characterized, past studies by others indicate rapid distribution and elimination (Van Der Putte et al., 1980) . The exposure levels for each contaminant were selected to be sufficient to allow measurement in the liver and plasma, yet avoid any overt toxicity. We also initially assumed that the toxicokinetic behavior of the individual contaminants would be the same when administered as a mixture. This does appear reasonable for EE2 and Cr-VI, however BDE-47 internal distribution appears to be shifted away from extravascular tissues during the mixture exposures, which would explain the higher plasma concentrations of BDE-47 measured after the single chemical exposures (Table 2 ). An explanation for this observation may be a consequence of vitellogenin induction that occurs during EE2 exposures . Past studies in fish suggest that vitellogenin can bind significant quantities of lipophilic xenobiotics (Monteverdi and Di Giulio, 2000) . Thus, we speculate that the increased plasma concentration of BDE-47 observed during the mixture exposure was a result of greater plasma protein binding due to the induction of vitellogenin caused by the EE2 exposure.
Because no genes were significantly altered in our ''split control'' experiment, we believe that the genes we identified to be altered following exposure to one or more chemical contaminants are truly altered in expression, and are not a result of any array artifact such as a labeling bias (Draghici, 2003) . The array data generated a gene expression profile that was unique to each contaminant and to the mixture (Fig. 3) . These genes could be linked to molecular function and biological process (Fig. 4) , and may provide some insight into the mode of toxic action for both the individual exposures and the mixture. The qRT PCR data and array data agree as to the direction and significance of any alterations in gene expression, but not to the magnitude of change. Other studies with the GRASP arrays have also found agreement between the array data and PCR validation (Hook et al., 2006a,b; Rise et al., 2004b; von Schalburg et al., 2005b) . As discussed in a previous paper (Hook et al., 2006a,b) , the differences between the two measures may arise from the semiquantitative nature of microarrays (Bartosiewicz et al., 2001) or from saturation of spots on the array (Lopez et al., 2004) .
In our initial work with this array, we were surprised to find that the cDNA spot encoding the ER was not upregulated in the livers of male trout following exposure to EE2. Using our previously developed q RT PCR assay, we were able to measure upregulation of the ERa in RNA extracted from the same tissue (Hook et al., 2006a (Hook et al., ,b, 2007 . We used a previously developed qPCR assay as opposed to one designed for the sequence on the array to ensure that we were measuring the correct sequence for the ERa. The reason for this difference may be that the two assays were measuring two different isoforms of the trout ER (Hook et al., 2006a (Hook et al., ,b, 2007 Nagler et al., 2007) . The sequence of the ER spotted an the array (Gene ID CA062026) is most similar to the GRE encoding the ER obtained from Oncorhynchus mykiss (NCBI BLAST, Altschul et al., 1990 , accession number z16419, e value ¼1 3 10 À157 ), described by Le Roux et al. (1993) . The sequence targeted by the q PCR assay is most similar to the ERa obtained from Oncorhynchus masou (accession number AAS92970) (NCBI BLASTX, e value ¼ 3 3 10 À75 ). It is now established that there are two subtypes of estrogen receptors in trout, ERa and ERb, both of which occur as two isoforms (ERa1, ERa2, ERb1, ERb2; Nagler et al., 2007) . The ERa has been shown to be inducible following estrogen exposure, whereas ERb is basally expressed (Sabo-Atwood et al., 2004) . Despite the annotation, the sequence on the array does not code for either subtype, but may instead code for an upstream portion of the gene regulatory element.
One of the clear results from this study is that distinct genomic profiles resulting from exposure to individual contaminants were evident in the profile resulting from the simple mixture. This finding is consistent with work from contaminated field sites. For instance, Williams et al. (2003) compared hepatic gene expression using a custom array made up of known biomarker genes in winter flounder collected from relatively unpolluted and polluted sites. The fish from the polluted estuary were chronically exposed to many environmental contaminants, yet a gene expression signature representative of exposure to polyaromatic hydrocarbons was evident (Williams et al., 2003) . Recent studies using primary hepatocytes from trout to study chemical mixtures have also identified some genes representative of exposure to individual contaminants in the gene expression profiles resulting from exposure to a chemical mixture (Finne et al., 2007) . However, that study emphasizes that many of the genes present in the profiles resulting from exposure to individual contaminants are absent from the mixture.
The changes in gene expression following exposure to individual contaminants are consistent with past findings previously published in the literature. We found upregulation in the three traditional biomarkers of xenoestrogen exposure, vitellogenin, vitelline envelope proteins (Arukwe et al., 2001) , and the ERa, as has been reported in other array studies (Larkin et al., 2002 (Larkin et al., , 2003a . In our previous studies, we also found that immune function genes and oxygen binding proteins were downregulated in response to EE2 (Hook et al., 2007) . Other researchers working with EE2 have also observed downregulation of immune function genes, and downregulation of these genes has been noted as a generalized contaminant stress response (Koskinen et al., 2004; Williams et al., 2003) . 1-Cys peroxiredoxin, among the genes we found upregulated in response to Cr-VI, has been previously reported to be upregulated in response to Cr-VI in winter flounder (Chapman et al., 2004) .
With regard to reproducibility between studies, the gene expression data presented in this study are not entirely consistent with the data we have presented in previous work (Hook et al., 2006a,b) . This may be due in part to age differences of the fish (trout in this study were 8 months older) although both groups of trout were sexually immature. We also used different dose treatment levels of EE2 and have demonstrated that gene expression profiles vary with EE2 dose (Hook et al., 2006b) . For Cr-VI and BDE-47, we used different doses, exposure routes (ip versus intervascular injection), and euthanized the animals at a different time following exposure, and we hypothesize that these differences caused the differences in gene expression profile. This suggests that age of the animal, dose, route of exposure, and duration of exposure should all be taken into account when gene expression studies are compared.
The hepatic gene expression profiles we obtained suggest that any toxicity we observed would reflect exposure to all three contaminants. No single contaminant dominated the transcriptomic profile of the mixture exposure (Table 4) , as would be expected with a comparative response (Folt et al., 1999) and has been seen in other studies (Finne et al., 2007) . Instead, all three individual exposures contributed some genes to the final pattern. However, some genes were expressed only following exposure to the contaminant mixture, and others were expressed only following exposure to one of the individual contaminants and were not found in the mixture's transcriptomic profile. If the response to the mixture were completely nonadditive or interactive, a dominance of the mixture gene expression profile by genes altered uniquely by the combination of individual components, as opposed to those with altered expression following exposure to the individual components, would be expected. In a field exposure, the additive nature of the gene expression profile will allow for the identification of contaminants contributing to any observed toxic response, because the component of the gene expression pattern unique to the chemical mixture would allow for the identification of any nonadditive mechanisms of toxicity. Interestingly, gene expression changes unique to the mixture suggest mitochondrial dysfunction was occurring. Disturbances in the normal expression of genes associated with oxidative phosphorylation and protection against lipid peroxidation lead us to speculate that exposure to the mixture was over stimulating production of reactive oxygen species and inducing mitochondrial oxidative stress. Two components of the mixture that are most likely to promote this response are EE2 and Cr-VI. Chromium is well established to cause oxidative stress in fish and mammals (Tagliari et al., 2004) . Recent studies in rodents indicate estrogen exposure impairs hepatic mitochondrial function (Moreira et al., 2007) , which may in part be due Genes trees generated via clustering algorithms showing relationships between expressed genes and individual contaminants exposure or the mixture as determined by Pearson's correlation. Only those genes that were found to be significantly different from control in at least one treatment were used in the clustering algorithms. Genes trees are colored as a gradient with respect to expression level, with red denoting fivefold induction, yellow denoting no change (fold change of 1), and green denoting fivefold reduction in expression levels. Treatments are identified below gene expression profiles. For clarity, individual genes are not labeled. (A) The expression patterns for all genes significantly altered by either the mixture or by one of the individual components. Expression profiles for genes involved in apoptosis (B), reproductive processes (C), inflammatory response (D), transporter activity (E), unknown function (F), and energy pathways (G) are also depicted.
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to receptor mediated changes in expression of genes associated with mitochondrial respiration (O'Lone et al., 2007) . Thus, we propose that exposure to Cr-VI and EE2 in trout act synergistically to cause mitochondrial dysfunction, which in turn is likely to tax the fish's metabolic reserves more greatly than exposure to any chemical alone, such that a more pronounced generalized stress response is observed.
One of the chief findings from the analysis of the gene ontology annotations was that all of the exposures resulted in a large number of genes with significant changes in regulation that had unknown function. Typically, there was a greater proportion of unknown genes in the toxicant responsive expression profiles (up to 75%) than was present on the microarray as a whole (52%). Of the genes with known function, many fit into composite categories such as transport. Although ''transport'' is a broad grouping of many different biological functions, it is interesting to note that all four toxicants disproportionately downregulated genes in this GO category. Nonetheless, the GO annotations may provide potentially useful information about the mechanism of toxicity. The functional categories of genes altered by exposure under each scenario are unique, and differ from the proportions of genes found on the array as a whole, suggesting distinct modes of toxic action. Furthermore, the downregulation in genes encoding copper binding proteins and involved mitochondrial electron transport genes may suggest mechanisms of interactive effects in conferring toxicity among the three contaminants. Although our current efforts to use GO ontology to analyze the modes of action of these contaminants are currently hampered by the high number of unknown genes, we are confident that developing techniques such as the XOA analysis, described in Continued   FIG. 6 . Gene expression profiles of the individual contaminants and the mixture as plotted against the principle components of the variation. Principle components analysis on conditions was determined using only those genes determined to be significantly different as determined by ANOVA. The first principle component (plotted on the x axis) accounted for 36.7% of the variance, the second (plotted on the y axis) accounted for 32.3% of the variance, the third principle component (plotted on the z axis) accounted for 11.9% of the variance. Sanfilippo et al. (2007) , will be useful in adding clarification to current annotations once this approach is fully developed.
A limitation of using GO to characterize the transcriptomic response modes these contaminants is the high number of unknown genes. To improve the GO analysis, we sought to include textual information that is specific to the contaminants and mode of action. Although the XOA analysis shows great promise for the interpretation of gene function, the technique is not without its limitations. Because it is a text-based analysis tool, genes with no annotation (such as the many ''unknown'' genes on the GRASP array) cannot be further annotated using this technique. Also, as shown in the Supplementary Tables  S5-S8 , multiple, often conflicting, functions are typically assigned to each gene. Determining which function is likely to be relevant in a given situation and tissue is often not trivial, and is often somewhat subjective. Because this technique relies on published abstracts in PubMed, it must be applied with caution in nonmammalian models. For instance, the EE2 responsive genes were putatively assigned to ''menstruation,'' ''pregnancy,'' and ''lactation'' (see Table S5 ), processes that do not occur in fish. Also, functions were consistently assigned to apoptotic, reproductive and inflammatory pathways. It is possible that these assignments were made because these pathways are well studied by the biomedical community and consequently are well represented in PubMed. None the less, the technique allows researchers to form testable hypothesis about putative gene function, which is invaluable in determining toxicological mode of action and can inform traditional molecular biology and toxicology experiments.
It would be expected that genes with similar functions would cluster together (e.g., Draghici, 2003) . We did not consistently observe this, either with genes whose functional identity was observed via XOA analysis (Figs. 5B and 5C) or with genes whose identity was assigned by GO. One possible reason for our observation may be the high number of genes with unknown function. As depicted in Figure 5F , these genes are distributed in almost every hierarchical cluster. It could be speculated that if the functions of some of these genes were resolved, the groupings of some functional categories may seem more coherent. The one coherent cluster that was formed, in the energy pathway genes, does have unknown genes (those in Fig. 5G without GO following the Gene ID). Another potential contributing factor for this lack of distinct clusters is that the functional groupings are very coarse for both the XOA analysis and the gene ontology terms. It is theoretically possible that two genes that are both identified as being involved in ''reproductive processes'' or ''lipid binding'' have distinctly different functions, and as a consequence, different gene expression profiles.
The PCA results seem to provide more information about the relationships between treatments. Hypothetically, if the gene expression profile resulting from exposure to all three contaminants as a mixture were to contain a high number of genes with altered expression not observed to be altered following exposure to any individual component of the mixture, the mixture exposure would plot by itself in space. In this study, the mixture gene expression profile is located between all other contaminant exposures, suggesting that each treatment contributes to the mixture, showing that the gene expression profile resulting from exposure to the chemical mixture has contributions from all three of the individual components. One cautionary note on interpreting PCA data is the contribution of neutrally expressed genes. Because all genes are given equal weight, two contaminants may be grouped together because the same sets of genes are not altered, despite having different modes of toxic action. We believe this is the explanation for the clustering of EE2 and BDE-47, which do not cause the same changes in gene expression. PCA is likely to be most predictive when used with small lists of highly significantly altered genes, as we did in this study.
Our data show that there are discernible changes in gene expression attributable to each component of a simple chemical mixture in the transcriptomic profile resulting from exposure to a contaminant mixture. There are also some genes that are expressed in the mixture treatment alone, suggesting the possibility for nonadditive toxicity. These findings show that microarrays may be a valuable tool for environmental monitoring, because they would allow regulators to identify the dominant toxicants in a mixed chemical exposure, and that microarrays may also be valuable to examine the toxicological mechanisms that cause interaction effects between contaminants. 
